Objective: (R,R,R)-a-tocopherol is a fat-soluble antioxidant vitamin generally ingested with other dietary antioxidants. The objective of this study was to assess whether the main dietary antioxidant classes, that is carotenoids, polyphenols, vitamin C and g-tocopherol, affect the intestinal absorption of a-tocopherol. Methods, design and subjects: We evaluated first the effect of different combinations of antioxidants on (R,R,R)-a-tocopherol absorption by a human intestinal cell line (Caco-2 clone TC7). Then we compared the effect of two doses of a dietary antioxidant (lutein) on the postprandial chylomicron a-tocopherol responses to an a-tocopherol-rich meal. Eight healthy men ate two similar meals in a random order at a 1 month interval. The meals contained 24 mg a-tocopherol in sunflower oil plus either 18 or 36 mg lutein. Blood samples were collected during the postprandial periods to compare chylomicron a-tocopherol responses. Results: A mixture of polyphenols (gallic acid, caffeic acid, ( þ )-catechin and naringenin) and a mixture of carotenoids (lycopene, b-carotene and lutein) significantly impaired a-tocopherol absorption in Caco-2 cells (Po0.001 and Po0.0001, respectively). The inhibitory effect of g-tocopherol was close to significance (P ¼ 0.055). In contrast, vitamin C had no significant effect (P ¼ 0.158). Naringenin was the only polyphenol that significantly impaired a-tocopherol absorption. Postprandial atocopherol response was weakest at the highest dose of lutein (6167280 nmol/l h vs 10017287 nmol/l h). The observed extent of reduction (À38%, P ¼ 0.069) supported the inhibitory effect of carotenoids observed in the Caco-2 experiments. Conclusion: Naringenin, carotenoids and probably g-tocopherol can impair a-tocopherol absorption whereas vitamin C and phenolic acids have no effect.
Introduction
Vitamin E is the main fat-soluble dietary antioxidant. Of the eight dietary forms of vitamin E (a-, b-, g-, d-tocopherols and a-, b-, g-, d-tocotrienols), two represent the vast majority of vitamin E intake: (R,R,R)-a and (R,R,R)-g-tocopherol. Vitamin E absorption is assumed to be affected by several factors and the effect of nutrients on vitamin E absorption remains poorly understood (Borel, 2003) .
The metabolism of a-tocopherol, which is naturally nonesterified, may start in the stomach where foods are processed by acidic conditions and gastric enzymes. In fact, no significant degradation of a-tocopherol was observed in the human stomach (Borel et al., 2001) . In the duodenum, it is assumed that a-tocopherol is transferred from vegetable oil (in which it is generally embedded) into mixed micelles during triacylglycerol hydrolysis by pancreatic lipase. Mixed micelles carry a-tocopherol to the enterocyte where it is, at least partially, absorbed via scavenger-receptor class B type I (Reboul et al., 2005c) . After cellular uptake, a significant proportion of a-tocopherol is incorporated into chylomicrons and transported to the bloodstream, via the lymphatics.
In a normal meal-containing plant-derived foods, atocopherol is necessarily ingested with other antioxidants: carotenoids, g-tocopherol, polyphenols and vitamin C. It has been suggested that these antioxidants may either (i) protect a-tocopherol against oxidative degradation in the upper gastrointestinal tract (Beyer, 1994; Halliwell et al., 2000; Sen et al., 2000; Mortensen et al., 2001) , thus enhancing its absorption, or (ii) compete with a-tocopherol for incorporation into micelles or uptake by putative transporters, thus impairing its absorption. Recent data support both these hypotheses. Loest et al. (2002) have shown that a polyphenol-rich green tea extract inhibits the lymphatic absorption of a-tocopherol in rats. Another team has observed a decrease in plasma a-tocopherol concentrations following g-tocopherol supplementation (Yoshikawa et al., 2005) . Conversely, data from Kama-Eldin et al. (1995 , suggest that the polyphenol sesamin increases a-tocopherol absorption .
This study aimed to specify which classes of dietary antioxidants significantly affect a-tocopherol absorption. The purified antioxidants and their relative concentrations were designed to mimic as closely as possible those found in a standard Western diet. A clinical study was performed with an antioxidant microconstituent (lutein) to validate the results obtained with the enterocyte cell model.
Materials and methods
Chemicals (R,R,R)-a-T (X99% pure) and (R,R,R)-g-T (X97% pure) were purchased from Flucka (Vaulx-en-Velin, France). Lutein (96% pure), lycopene (95.5% pure) and b-carotene (95.6% pure) were kindly provided by DSM LTD (formerly F Hoffmann-La Roche, Basel, Switzerland). Naringenin, catechin, gallic acid, caffeic acid and eriodictyol were purchased from Extrasynthèse (Genay, France). Tocol, which was used as internal standard for high-performance liquid chromatography (HPLC) analysis, was purchased from Lara Spiral (Couternon, France). 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (phosphatidylcholine), 1-palmitoyl-sn-glycero-3-phosphocholine (lysophosphatidylcholine), monoolein, free cholesterol, oleic acid, sodium taurocholate and pyrogallol were purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Dulbecco's modified Eagle medium (DMEM) containing 4.5 g/l glucose and trypsin-EDTA (500 and 200 mg/l, respectively) was purchased from Bio Whittaker (Fontenay-sousBois, France). Fetal bovine serum (FBS) was purchased from Biomedia (Issy-les-Moulineaux, France) and non-essential amino acids and penicillin/streptomycin were purchased from Gibco BRL (Cergy-Pontoise, France).
Preparation of microconstituent-rich media for cell experiments For delivery of fat-soluble microconstituents (i.e. (R,R,R)-aand (R,R,R)-g-tocopherol, lutein, b-carotene and lycopene) to cells, mixed micelles rich in each of the microconstituents were separately prepared as described previously (Reboul et al., 2005a) to obtain the following final concentrations: 0.04 mM phosphatidylcholine, 0.16 mM lysophosphatidylcholine, 0.3 mM monoolein, 0.1 mM free cholesterol, 0.5 mM oleic acid, 5 mM taurocholate and 0.1-5 mM of the relevant microconstituent. Microconstituent concentrations in the micellar solutions were checked before each experiment. The different stock solutions of micellar microconstituents were mixed to obtain the final concentrations required. Vitamin C was directly dissolved in the culture medium. Polyphenols were added to the culture medium in dimethylsulfoxide (DMSO) (a same volume of DMSO alone was added when there was no polyphenols). The microconstituent concentrations used are summarized in Table 1 .
Tocopherol absorption by intestinal cells Cell culture. Caco-2 clone TC7 cells (Salvini et al., 2002) were a gift from Dr M Rousset (U178 INSERM, Villejuif, France). Cells were cultured in the presence of DMEM supplemented with 20% heat-inactivated FBS, 1% nonessential amino acid and 1% antibiotics (complete medium), as described previously (Reboul et al., 2005a) . For each experiment, cells were seeded and grown on semi-permeable filters as described previously (Reboul et al., 2005a) to obtain differentiated confluent cell monolayers. Twelve hours before each experiment, the medium of apical and basolateral chambers was changed to a serum-free complete medium. During preliminary tests, the integrity of the cell monolayers was checked by measuring transepithelial electrical resistance using a voltohmmeter fitted with a chopstick Experiment design. At the beginning of each experiment, cell monolayers were washed with PBS with1 ml at the apical side and 2 ml at basolateral side. Then, the apical side of the cell monolayers received either 1 ml micellar a-tocopherol or 1 ml micellar a-tocopherol plus other micellar microconstituents, whereas the basolateral side received 2 ml FBS-free medium. Cell monolayers were incubated at 371C for 30 min. After the incubation period, media from each side of the monolayer were harvested. Cell monolayers were washed twice with 0.5 ml PBS containing 10 mmol/l taurocholate to eliminate potentially adsorbed fat-soluble microconstituents, then scraped and collected in 500 ml PBS. Absorbed a-tocopherol was estimated as a-tocopherol in the scraped cells plus a-tocopherol in the basolateral chambers, if any.
Identification of the antioxidant microconstituents that significantly affected a-tocopherol absorption A full factorial design was performed to specify the antioxidant classes of microconstituents that significantly affected a-tocopherol absorption, and to identify potential interactions between antioxidant classes. The design was constructed using Trial Run 1.0 (SPSS Inc., Chicago, IL, USA) software. It comprised two levels for each factor, that is, with or without antioxidant microconstituents. The first factor was carotenoids (we used a mixture of b-carotene, lycopene and lutein). The second factor was vitamin C. The third factor was vitamin E (we used (R,R,R)-g-tocopherol, the other main vitamin E species found in the western diet). The fourth factor was polyphenols (we used a mixture of gallic acid, caffeic acid, ( þ )-catechin and naringenin). The 16 experiments generated by the design were performed in triplicate, and the full factorial design was performed twice. Data analysis was based on the general linear model using analysis of variance (ANOVA). After having identified which antioxidant classes significantly affected a-tocopherol absorption as well as any potential interactions (see Results section), a second series of experiments was performed to identify which antioxidant microconstituents among the polyphenol and carotenoid mixtures were responsible for these effects.
All the samples obtained in these experiments were stored at À801C under nitrogen with 0.5% pyrogallol as a preservative (reducing agent) before extraction and HPLC analysis (see below).
Postprandial experiment to assess the effect of a microconstituent antioxidant (lutein) on a-tocopherol bioavailability in healthy subjects As there were no available literature data on the effect of lutein on a-tocopherol absorption, we were unable to perform a power analysis to calculate the number of subjects required to observe a significant effect. We therefore used an usual number of eight subjects with whom significant differences in carotenoid absorption had been observed previously (Cardinault et al., 2003; Riso et al., 2003; Tesoriere et al., 2004; Blum et al., 2005; Reboul et al., 2005b) . Eight non-smoking, healthy male subjects, 20-40 years of age and with a body mass index under 24 kg/m 2 were selected by the Clinical Investigation Center (Sainte Marguerite, Marseille). Serum glucose, triacylglycerols and cholesterol were determined by enzymatic procedure (Trinder, 1969; Fossati and Prencipe, 1982; Siedel et al., 1983) . The subjects were not taking medication and had no history of gastrointestinal disease or disorders of lipid metabolism. Subject characteristics and their nutrient daily intakes are reported in Table 2 . The daily intake was assessed by a 5-day food diary and was analyzed using Score-AN software (set by Avantage Nutrition, Marseille, France). The software nutrient database was obtained from Souci's nutrition table (Souci et al., 2000) . The study was approved by the regional ethics committee in Marseille. The objectives and requirements were fully explained to the participants and informed written consent was obtained for each subject. Each subject received each meal in a random order at a 1-month interval (cross-over design with a 1-month washout period). On the evening before the experiment, the subjects were asked to consume a light meal and to fast overnight. In the morning, an intravenous catheter was inserted into one forearm of each subject. A first blood sample was obtained at fasting (baseline sample), then the volunteers consumed either meal #1 (containing 24 mg a-tocopherol plus 18 mg lutein) or meal #2 (containing 24 mg a-tocopherol plus 36 mg lutein). The amount of a-tocopherol in the test meal was chosen to accurately detect a-tocopherol in the chylomicrons. This amount remains nutritional, as it is only twice the adult US-RDA for vitamin E. The lower dose of lutein (18 mg) was selected to be close to the daily total carotenoid intake, which is estimated at 14 mg/day in Europe (ONeill et al., 2001) . The higher dose was set at 36 mg to match intake Dietary antioxidants and a-tocopherol absorption E Reboul et al when a standard diet is supplemented with lutein supplements (three pills of 6 mg). Foods were purchased from a local supermarket. Lutein pills were purchased from Holland and Barrett (Nuneaton, Warwickshire, UK). Meal compositions are given in Table 3 . Additional blood samples were drawn 1, 2, 3, 4, 6 and 8 h after the beginning of the meal. Blood samples were stored at 41C and rapidly centrifuged (at 610 g for 10 min at 41C) to isolate plasma fractions. Chylomicrons were isolated according to Luchoomun and Hussain (Luchoomun and Hussain, 1999) . Chylomicron triacylglycerols were measured using the PAP 150 Biomérieux kit (Charbonnière-les-Bains, France). Chylomicron a-tocopherol was measured as described above.
Tocopherol analysis
Tocopherol was extracted from 500 ml aqueous samples using the following method. Distilled water was added to sample volumes below 500 ml to reach a final volume of 500 ml. Tocol used as internal standard was added to the samples in 500 ml ethanol. The mixture was extracted once with 1 vol of hexane. The hexane phase obtained after centrifugation (500 g for 10 min at 41C) was evaporated to dryness under nitrogen, and the dried extract was dissolved in 100 ml methanol. A volume of 5-20 ml of the methanol mixture was used for HPLC analysis. a-Tocopherol, g-tocopherol and tocol were separated using a 250 Â 4.6 nm RP C 18 , 5 mm Zorbax column (Interchim, Montluçon, France) and a guard column. The mobile phase was 100% methanol. Flow rate was 1.5 ml/min, and the column was kept at a constant temperature (301C). The HPLC system consisted in a Dionex separation module (P680 HPLC Pump and ASI-100 Automated Sample Injector, Dionex, Aix-en-Provence, France) and a Jasco fluorimetric detector (Jasco, Nantes, France). Compounds were detected at 325 nm after light emission at 292 nm, and identified by retention time compared with pure (495%) standards. Quantification was performed using Chromeleon software (version 6.50 SP4 Build 1000, Dionex, Aix-en-Provence, France) comparing peak area with standard reference curves. All solvents used were HPLC grade from SDS (Peypin, France).
Calculations and statistical analysis
Results are expressed as means7s.e.m. Calculation of the postprandial chylomicron concentrations was performed by subtracting the baseline concentration value measured at the zero time. If this value was negative, it was considered as zero. Elaboration and data analysis of the full factorial design designed to identify which antioxidant classes affect a-tocopherol absorption were performed using Trial Run 1.0. Results obtained in the experiment designed to assess the effect of different polyphenols on a-tocopherol absorption were analyzed by the Kruskall-Wallis test followed by the Mann-Whitney U-test, used as a post hoc test when the first test showed significant differences between groups. For the clinical study, differences between the two groups of paired data (human subject data, n ¼ 8) were tested using the non-parametric Wilcoxon test. Statistical analyses were performed using Statview software, version 5.0 (SAS Institute, Cary, NC, USA). Differences with Po0.05 were considered significant.
Results
Effect of antioxidant microconstituents on a-tocopherol absorption by Caco-2 cells Identification of the antioxidant classes that affect a-tocopherol absorption. Data analysis of the results obtained in the factorial design showed that the mixture of polyphenols (gallic acid, caffeic acid, ( þ )-catechin and naringenin) (Po0.001) and the mixture of carotenoids (lutein, lycopene and b-carotene) (Po0.0001), significantly impaired a-tocopherol absorption (À10 to À30%). The inhibitory effect of g-tocopherol was close to significance (P ¼ 0.055), In contrast, vitamin C had no significant effect (Table 4) . No interaction was observed between the different classes of antioxidants in terms of a-tocopherol absorption, although the effect of the combination of all antioxidants was close to significance (P ¼ 0.052).
Effects of individual carotenoids. Each carotenoid at dietary concentrations (0.14 mM for b-carotene, 0.46 mM for lycopene and 0.55 mM for lutein) decreased the absorption of atocopherol when co-incubated for 30 min (data not shown). Lycopene exhibited the most pronounced effect (À29.8%, Po0.05), lutein showed an intermediate effect (À13.8%, P40.05), and b-carotene had the lowest effect (À3.7%, P40.05). Effects of individual polyphenols. This experiment showed that naringenin was the only polyphenol able to significantly impair a-tocopherol absorption (about 25% at 25 mM and 50% at 150 mM naringenin, Po0.05, Figure 1 ). The mixture of polyphenols, which contained 25 mM naringenin, had a similar effect to 25 mM naringenin alone.
Effect of lutein on postprandial chylomicron triacylglycerol and vitamin E responses
There was no significant difference between chylomicron triacylglycerol responses (expressed as area under the postprandial 0 to 8 h curves) following the ingestion of meals containing 18 or 36 mg lutein (Figure 2 ). In contrast, both a-and g-tocopherol responses were lower after the meal #2 (containing 36 mg lutein) than after the meal #1 (containing 18 mg lutein): 6167280 vs 10017287 nmol h/l, P ¼ 0.0687 and 48714 vs 54712 nmol h/l P ¼ 0.4008 for a-and g-tocopherol, respectively (Figure 3a and b) . Effect of polyphenols on a-tocopherol absorption by differentiated Caco-2 TC7 monolayers. The apical sides of the cell monolayers were rinsed with PBS and then received FBS-free medium containing either a-tocopherol-rich mixed micelles at 5.5 mM alone (1) or 5.5 mM a-tocopherol-rich micelles plus (2) 25 mM naringenin, (3) 150 mM naringenin, (4) 25
50 mM gallic acid, (7) 150 mM gallic acid, (8) 50 mM caffeic acid, (9) 150 mM caffeic acid and (10) a mixture of polyphenols (25 mM naringenin plus 25 mM ( þ )-catechin plus 50 mM gallic acid plus 50 mM caffeic acid). The basolateral sides received complete medium. Incubation time was 30 min. Data are means7s.e.m. of three assays. An asterisk indicates a significant difference (Po0.05) with the control (assay performed without polyphenol). Dietary antioxidants and a-tocopherol absorption E Reboul et al
Discussion
The present study was carried out to evaluate the effects of the main dietary classes of antioxidant molecules (carotenoids, polyphenols, vitamin C and vitamin E) on atocopherol absorption. As a clinical study to assess the effect of all combinations of antioxidants on a-tocopherol absorption was unfeasable, we opted for an approach using the human intestinal Caco-2 cell model. This model was selected because it has been successfully used to study the intestinal absorption of vitamin E (Traber et al., 1990; Kiyose et al., 1995) and it expresses Scavenger receptor class B type I (SR-BI), which is involved in a-tocopherol uptake (Reboul et al., 2005c) . The TC7 clone was used because it is much more homogenous than the parent Caco-2 cell line (Gres et al., 1998) . As it was not possible to assess the effect of every individual antioxidant species (thousands of carotenoid and polyphenol species are recovered in human diets), we assessed the effect on a-tocopherol absorption of the main dietary carotenoids (b-carotene, lycopene and lutein), the main dietary polyphenols (flavonoids and non-flavonoids, mainly phenolic acids), vitamin C and g-tocopherol (which is the other main vitamin E species found in Western diets).
We chose the relative proportions of these antioxidants that best mimicked those observed in a standard diet (Table 5) . Analysis of the data from the factorial design performed on Caco-2 showed that carotenoids, polyphenols and probably (P ¼ 0.055) g-tocopherol significantly impaired a-tocopherol absorption. Vitamin C had no significant effect. The fact that g-tocopherol seemed to impair a-tocopherol absorption is in good agreement with a recent study (Reboul et al., 2005c) and could be explained by competition between the two vitamin E species for SR-BI or other putative vitamin E transporters. This phenomenon could explain the competition between these species with regard to their bioavailability (Huang and Appel, 2003; Yoshikawa et al., 2005) . Concerning carotenoids and polyphenols, the mixtures used in the factorial design were unable to identify which species were responsible for this effect. We therefore performed a second series of experiments. Results clearly showed that lycopene inhibited a-tocopherol absorption. The effect of lutein was lower and the few effect of b-carotene can be explained by its low micellar concentration. This inhibitory effect of carotenoids on a-tocopherol absorption, which has never been described before can be explained by competition between a-tocopherol and other carotenoids for uptake through the SR-BI receptor, which facilitates apical uptake of both classes of antioxidants (Reboul et al., 2005a, c) . Concerning polyphenols, the second set of experiments showed that only naringenin impaired a-tocopherol absorption. The specific effect exhibited by naringenin needs to be elucidated by additional experiments, but it is striking that naringenin is the most lipophilic of all the polyphenols tested (log P ¼ 2.52 vs 0.86, 0.82 and 0.38 for gallic acid, caffeic acid and ( þ )-catechin, respectively (Cooper et al., 1997) ). Thus, a first hypothesis is that naringenin affects a-tocopherol absorption through interaction with SR-BI, which is known to transport lipophilic molecules with low substrate specificity. A second hypothesis might be related to an interaction between naringenin and membrane lipids (Tachibana et al., 2004) , which may affect the invagination of lipid raft domains containing putative vitamin E receptors.
Once we had determined which classes of antioxidants affect a-tocopherol absorption, we aimed to validate the results obtained in the Caco-2 model by performing a clinical study. Lutein was chosen as the antioxidant to compete with a-tocopherol for absorption because both vitamin E and lutein supplements are becoming increasingly popular owing to their potential ability to prevent agerelated macular degeneration (Belda et al., 1999; Delcourt et al., 1999; Mares-Perlman et al., 2001; Olmedilla et al., 2003; Richer et al., 2004) . Data from the clinical study suggest that increasing dietary lutein from 18 to 36 mg reduces a-tocopherol absorption (area under the curve (AUC) down by 38%). This effect was not, however, statistically significant, likely because of the high interindividual variability in chylomicron a-tocopherol responses. In fact, on the basis of the data obtained, that is, standard deviations and betweengroup differences, we calculated that 25 subjects would be required to establish a significant decrease in chylomicron a-tocopherol response with a power efficiency of 80%.
In conclusion, the results obtained suggest that dietary antioxidants behave differently with regard to a-tocopherol absorption. Vitamin C and phenolic acids apparently have no significant effect on a-tocopherol absorption, at least in the relative proportions found in standard diets, whereas carotenoids and certain flavonoids (naringenin and possibly other flavanons) can impair it. These results should be taken into account when antioxidant supplements are regularly eaten. (Scalbert and Williamson, 2000) .
